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ABSTRACT 
The electric utility industry facet many probleas today. 0n« 
of the more pressing probleas is the failure of autoaatic circuit 
protective devices to detect and positively interrupt faults related 
to fallen prunary conductors. Several utilities have experienced 
numerous instances of conductor failure where the line has fallen 
on the ground and remained alive, creating a dangerous hazard to 
the public. Historically, a solution has been sought through the 
proper settings of phase and ground overcurrent relays. This hat 
proven less than adequate because settings low enough to recognize 
fallen conductor faults many times will also interrupt circuits under 
the varying load conditions encountered during normal operation. The 
inability to prevent these conditions with existing protective scheaes 
indicates that new ideas are needed. 
After reviewing existing protective relaying methods, a question- 
naire was distributed to 93 utilities to determine the seriousness of 
the fallen conductor fault problem. 61% (51) of the responding 
utilities considered it a problea. 
The utilities experiencing no problems were again contacted to 
determine what factors contributed to their success. The use of 
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low-set ground relays with toleration of false tripping was the most 
frequently mentioned reason for success. 
A statistical study was conducted based on fallen conductor 
fault information gathered over a period of 18 months.  It revealed 
the seriousness of the problem (32% Failure Rate), especially on 
three phase circuits, and pinpointed trees, lightning and the use 
of cross-linked polyethylene (XLP) covered conductors as major con- 
tributors to the fallen conductor problem.  The use of pole grounds 
at all single phase transformer locations surfaced as a possible way 
of decreasing the failure rate. 
Details of staged fallen conductor fault tests and studies perfo 
by various utilities pointed to several different electrical fault 
characteristics as being possibly effective in initiating protective 
device operation. However, limitations in existing technology and 
financial constraints eliminated most of these, leaving only ground 
relays and a change in residual current sensing device as possible 
immediate solutions. 
In conclusion, no feasible means has been found to effectively 
relay multi-grounded systems for high impedance faults.  Reducing 
tree hazards, adding lightning protection, ceasing to use XLP covered 
conductors, and better grounding are immediate steps that will reduce 
fallen conductor hazards.  Implementing ground relays and/or a change 
2 
in residual current sensing devices in the near future will provide 
only a partial solution.  The final solution will have to be found 
through a centrally directed research and development effort made 
under the auspices of several utility research organizations.  The 
Electric Power Research Institute has already included fallen conductor 
research in their program of future research. 
% 
CHAPTER 1 
INTRODUCTION 
Many electric utilities utilize solidly-grounded wye systems to 
distribute electricity.  A recently defined concern is the danger to 
human life and equipment inherent in the present protective relaying 
schemes because of their inability to interrupt high impedance ground 
faults. 
There have been a significant number of cases where the automatic 
circuit protective devices have failed to detect and positively 
interrupt the circuits subjected to faults caused by fallen primary 
conductors of the distribution system.  Present relaying techniques 
respond to such faults in an unpredictable manner. 
The primary fault current of an arcing ground fault on a 12 KV 
distribution circuit is approximately 50 amperes.  This magnitude of 
fault current when compared to the normal load current setting on the 
time-overcurrent relay used with substation circuit breakers is too 
small to detect. Oil-circuit reclosers coordinated with the sub- 
station circuit breakers also have the same problem of detecting this 
incremental current. 
What is needed is an effective and economical protective system 
to detect these ground faults which is both reliable and secure. 
Such a system mist be able to detect faults of a magnitude as low as 
ten percent of the normal load currents.  It would also be desirable 
to be able to apply this system not only for the protection of the 
substation but also for operation of three-phase and single-phase 
reclosers. 
The challenge is to find a device or system which will recognize 
a fallen conductor and initiate the required clearing action. 
The purpose of this thesis is to investigate and determine a 
means of positively interrupting phase-to-ground faults on a local 
electric utility* distribution system caused by broken primary 
conductors falling to the ground. 
Two basic questions must be considered.  First, namely: 
A) Are other utilities experiencing the same problem as the 
local utility? •; 
B) What is the magnitude of the problem on the local utility 
system? 
*PENNSYLVANIA POWER & LIGHT CO. - ALLENTOWN, PA. 
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CHAPTER 2 
REVIEW OF EXISTING PROTECTIVE RELAYING SCHEMES 
The purpose of automatic sectionalizing is to improve service 
performance to customers. This is done by adhering to the following 
guidelines: 
A) Clear all primary line faults in minimum time (instan- 
taneously) . 
B) Restore service quickly after transient faults to as many 
customers as practical and economically possible by means 
of automatic reclosing devices. 
C) Confine the permanent line faults to the line sections that 
will affect as few customers as practical considering the 
present equipment and technology. 
The 12.47 KV multi-grounded distribution system used by the host 
utility services mainly rural and suburban areas. As a result, most 
of the distribution feeders extend far beyond the protective zone of 
the substation equipment.  Protective devices are installed to provide 
protection on these feeders at selected locations.  Since both 
transient (temporary) and permanent faults occur, the problem becomes 
one of selecting a combination of devices that provide the best over- 
all results on a given distribution line. 
The utility has established rules to spell out minimum protection 
requirements. Special consideration is given to hospitals and certain 
critical customers to which a lengthy interruption could be harmful. 
The protective devices most frequently used on the 12 KV distri- 
bution system are the substation circuit breaker, oil circuit reclosers, 
and fuses. 
Substation Circuit Breakers 
Most 12 KV distribution circuits are equipped with an automatic 
reclosing circuit breaker at their origin in the supply substation. 
The circuit breaker has an adequate interrupting capacity, including 
margins for derating associated with an immediate initial reclosing 
schedule, for clearing the most severe fault at the respective location. 
Circuit breakers are generally classed according to their interrupting 
medium such as air, gas, vacuum or oil. These devices are not self- 
contained like an oil current recloser and require external auxiliary 
equipment to operate, such as current relays, reclosing timers and 
auxiliary relays.  All tripping energy is supplied by D.C. voltage, 
generally 24, 48 or 125 volts.  Closing energy is generally D.C. which 
can be supplied by batteries or A.C. rectifiers; other means used 
include air or closing springs wound up by a motor. 
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Each 12 KV circuit terminal breaker is equipped with instan- 
taneous-phase and time-overcurrent-phase relays.  The instantaneous 
relay provides the principal protection for clearance of main line 
faults and is adjusted to cover as much of the 12 KV line as possible 
without subjecting the circuit to tripouts from faults on distribution 
transformer secondaries or from load pickup service restoration 
procedures.  The usual coverage attainable is about five miles 
radially from the substation circuit breaker and is a function of 
the line impedance.  This protection ensures initial clearance of 
faults on the protected section of main line in the fastest possible 
time with minimum conductor damage, and thus presents less oppor- 
tunity for the typical transient fault to become permanent.  Present 
data indicates that nine out of every ten faults are transient and 
require no immediate repairs following fault clearance.  The 
instantaneous clearing of transient faults and the subsequent 
rapid reclosing usually results in service restoration in less 
than one-half second. 
If reclosing is not successful on the first attempt, the 
instantaneous relay is automatically blocked.  This permits se- 
lective coordination of the time-overcurrent-phase relays with 
other automatic sectionalizing devices for succeeding tripouts. 
Persistent faults on extensions off the main line are thereby 
isolated and the resulting interruption limited to the smallest 
practical area of service territory. 
8 
The functions of the time-overcurrent-phase relays are to clear 
main line fault restricted to values below the instantaneous-pbase 
relays and coordinate with the other automatic sectionalizing device 
protecting the circuit. 
The tripping schedule for circuit breakers is usually one instan- 
taneous trip, a time delayed trip at IS seconds and a final delayed 
trip and lockout at 2 minutes 30 seconds. 
Oil Circuit Recloser 
The modern oil circuit recloser is well adapted for fault pro- 
tection, automatic sectionalizing and the service restoration 
requirements of the remainder of the 12 KV circuit beyond the zone 
of protection provided by the substation circuit breaker.  An oil 
circuit recloser can be defined as an overcurrent device that auto- 
matically interrupts and recloses a distribution circuit through 
the movement of separable contacts.  It is not damaged by this 
operation when applied within its rating. 
Basically, hydraulic reclosers (single and three phase) consist 
of series trip coils, separable contacts within an interrupting 
chamber, a hydraulic timing mechanism and an operation counter.  The 
hydraulic mechanism provides time controlled tripping and reclosing. 
An electronic recloser is an electronically controlled device 
that protects three phase lines.  It does not have series trip coils. 
The trip current measuring source is supplied by current transformers 
in the recloser.  The signal is transmitted by the control cable to the 
control box, which contains all the electronic components for the 
operation of the recloser. 
Reclosers are sized according to both duty and coil rating. 
The duty of a recloser refers to the amount of fault current it can 
safely interrupt.  A hydraulic recloser requires a minimum of twice 
its coil rating in amperes to trip.  For example, a 100 Ampere 
recloser requires at least 200 amperes to trip.  The electronic 
recloser trips at the value of the trip resistor which is rated 
in amperes.  The utility under study uses four duties of reclosers: 
Light, Intermediate, Heavy and Extra Heavy.  The interrupting 
duties range from 625 to 10,000 amperes. 
The speed of initial tripping of the recloser is inversely 
related to the amount of fault current so that optimum protection 
against conductor burndown is provided.  The normal tripping 
sequence on reclosers is two fast and two time delay trips after 
which it will lock out and remain open.  The recloser remains 
open approximately two seconds between trips.  If the fault is 
transient and clears itself, the recloser will "forget" about 
the first trip and reset itself for a complete cycle of four 
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trips to lockout.  If the fault is persistent, the recloser will 
continue to trip in accordance with a retarded characteristic 
and reclose until lockout occurs after the fourth tripout. 
After lockout, the recloser requires approximately five Minutes 
before it is ready to perform four more operations after its 
contacts are closed manually. 
A recloser can safely operate at its coil rating.  In emergencies 
it can carry 150% of its coil rating for several hours without damage. 
Of course this depends on pre-emergency loading as well as the operating 
conditions of the contacts and insulating oil.  Normally the maximum 
load carried by a recloser is less than its coil rating to allow 
for load growth and to maintain the ability to reclose on a section 
of line after an extended outage. 
Fuses 
Line sectionalizing fuses (tap fuses) automatically clear faults 
on the sections of line they protect, but require manual replacement 
of the fuse link.  This does not satisfy the objective of clearing 
all faults with automatic reclosing devices for quick restoration 
of service after transient faults. However, the fuse does fit into 
the automation scheme for isolation of persistent faults.  It not 
only isolates the fault, but provides visual indication to expedite 
locating the fault and thereby shortens the overall time required 
to restore service. 
11 
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A fuse is defined as an overcurrent protective device with a 
circuit opening fusible member that is directly heated and destroyed 
by the passage of an excessive overcurrent through it.  A properly 
applied fuse is required to open its fusible members, extinguish the 
arc established across the open member, and then maintain open 
circuit conditions with rated voltage applied across its terminals. 
One of the types of fuse links commonly used on distribution 
circuits is the "K" link.  These are installed in a fuse holder or 
tube which is mounted in an open type cutout.  A "K" link can carry 
approximately 1.5 times its K-rating in amperes unless it has been 
previously damaged.  For example, an 80K link can carry 120 amps 
before burning open. 
Tap fuses are not suitable for installation on 12 KV three phase 
(four wire) distribution circuits because they are single phase 
non-automatic reclosing devices.  Opening one phase of the three 
phase four-wire supply could cause extended interruptions, operating 
difficulties, and damage to both supply and customer facilities.  It 
also can cause damage to user's facilities such as motor burnout, etc. 
The application of tap fuses is limited to single phase and neutral and 
two phase and neutral line extensions. 
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System Coordination 
Circuit breakers, reclosers and tap fuses are installed to 
properly coordinate when clearing faults to minimize the number of 
affected customers. 
On the main line and unfused taps, transient faults are cleared 
by the fast trips of the breaker or recloser.  Permanent faults on 
these lines cause the breaker or nearest recloser to lock open. 
On fused taps, temporary faults are cleared by the fast trips 
of the breaker or backup recloser without affecting the tap fuse. 
On permanent faults, the tap fuse will blow during the first delayed 
trip of the breaker or recloser, thus isolating the fault froa the 
rest of the circuit. 
Grounding 
The standard distribution system of most utilities is a aulti- 
grounded neutral system.  The neutral of this systea is aaintained 
as close to ground potential, under all conditions, as practical. 
One such grounded neutral conductor is established on a line and it 
adequately serves as a common neutral conductor for all the service 
voltage circuits on that line, the 12 KV primary as well as the 
120/240 volt single phase three wire secondaries.  It also serves 
13 
as a secondary neutral for the three phase banks of transformers 
with 240 volt three phase secondaries.  This coaaon aulti-grounded 
neutral conductor is used as the ground connection for all facilities 
that require grounding, including lightning arresters, transformer 
tanks, oil switches and oil circuit reclosers. 
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CHAPTER 3 
REVIEW OF INDUSTRY RESPONSES TO THE FAULT INTERRUPTION QUESTIONNAIRE 
To determine to what extent other electric utility companies 
are experiencing problems in interrupting fallen conductor faults, 
questionnaires were prepared and distributed.  Questions referred to 
the prevalence of problems in interrupting fallen conductor faults, 
type and voltage of lines, protective schemes and transformer con- 
nections.  This questionnaire was sent to 93 of the Edison Electric 
Institute Transmission and Distribution Committee member companies 
in August, 1974. 
83 completed questionnaires were returned with the results 
confirming that interrupting fallen conductors is an industry-vide 
problem.  The statistics compiled from the questionnaires include 
the following: 
A) 88% of the circuits reported in the 10-15 KV range were 
multi-grounded. 
B) Inability to positively interrupt circuits was reported 
for 61% (51) of the multi-grounded systems in the 10-15 KV 
range. 
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C) No apparent correlation between the use of ground relays 
and the incidence of clearing problems was found.  In the 
10-15 KV range, ground relays were used by 82% of the 
companies reporting problems and were used by 811 of comp- 
anies reporting no problems. 
D) No significant difference in prevalence of problems was 
associated with the type of transformer connection. 
E) The ability to interrupt fallen conductor faults improves 
as the distribution voltage increases.  The greatest 
problem appears to exist in the 15 KV class. 
The analysis of the questionnaire by application of ground relays 
and transformer bank connections is shown in Figure 1, page 17. 
This data does not indicate a pattern of system characteristics that 
affects the ability to interrupt fallen conductor faults. 
A second questionnaire was sent to 23 EEI T&D Committee 
companies who had no problems associated with interrupting fallen 
conductor faults.  It asked to what factors these companies attributed 
all or part of their success.  18 completed questionnaires were 
returned.  13 responses stated that there were incidents where fallen 
conductor faults were not interrupted, but the frequency of occurrence 
was low enough that they did not consider it a problem.  The other 
five responses stated that they had no problem in interrupting 
16 
ANALYSIS OF QUESTIONNAIRE CLEARING OF DISTRIBUTION 
LINE FAULTS ANALYZED BY APPLICATION OF GROUND 
RELAYS AND TRANS FOR.HER BANK CONNECTIONS 
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these fault*. The specific factors given for minimizing or elisrtaatimg 
the problea are at follows: 
A) 
Specific Factor* 
Relaying 
# Times 
Mentioned 
or Implied 
1) Ground relays are set 
low enough to detect 
and clear most ground 
faults. 
2) Reclosing relay does not 
have fast reset, thereby 
minimizing pumping of 
circuit breakers. 
B)  Grounding Practices 
1) Low ground impedance at 
substation increases 
fault current. 
2) Substation transformer 
solidly grounded. 
3)  Multi-grounded neutral 
using frequent pole 
grounds. 
4)  Low soil resistance 
in area. 
C)  Line Design 
1)  Short lines lead to 
higher fault and 
Rang* of 
Values 
120-320 
or 
40-60% of Phase 
Relay Setting 
or 
40-50% of a 
Line End Fault 
80 seconds to 
reset 
4-5 
Delta-Wye 
Grounded 
or 
Delta-Zig Zag 
Grounded 
4-5 Grounds 
per Nile 
or 
1 Ground per 
Transformer 
Installation 
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fever coordination 
steps. 
2) Use of strong con- 
ductors ainiaizes 
nuaber of fallen 
vires. 
3) Use of covered vire 
avoided. 
4) Fallen vire usually 
contacts underbuilt 
neutral vire. 
The most frequently mentioned systea characteristic vas the use 
of low-set ground relays.  It appears that aany of these companies 
are willing to tolerate the decreased systea reliability resulting 
froa the loss of coordination, which accoBpanies the lowered relay 
settings.  In some cases, their situation is apparently aided by 
short lines and fever steps in the coordination scheae.  None of 
these practices appear to provide a universal solution to the problei 
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CHAPTER 4 
STATISTICAL ANALYSIS OF 12 KV FALLEN CONDUCTOR DATA 
To get uniform information about fallen conductor faults on the 
host system, a reporting form was prepared for use by field and office 
personnel.  One form was to be completed for each case where a 12 KV 
phase conductor broke and fell. The field personnel provided physical 
data such as location, wire size and type, line end on ground, type of 
surface on which the conductor fell, proximity of pole ground, type 
of protective device involved, and the position of the protective 
device (open or closed).  Office personnel then added details about 
the ratings of the protective devices and calculated the bolted fault 
current available at the fault location.  The data was then stored in 
a computer program that summarized each category of data so that it 
could be analyzed. 
Reporting began in April, 1974 and was concluded in December, 
1975.  Because of circumstances which interrupted data collection 
for three months in 1974, reporting actually covered 18 months.  A 
sufficiently large data base was accumulated through the reporting 
system so that trends were established and only minor refinements were 
being made as additional data was collected.  At this time intra-company 
data collection was discontinued. 
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The final suaaary of fallen conductor data was coapiled on 
January 1, 1976 and is shown in Table 1, page 22 and Table 2, page 23. 
The input consists of 390 cases with sufficient data to contribute to 
a statistical study.  The purpose of this study is to analyze the 
data in various ways trying to discover trends.  It is expected that 
these trends will identify the COMBOn factors associated with the 
failure to interrupt fallen conductors.  The knowledge of these coaaon 
factors should reveal some probles areas in line design or protective 
device application that may be easily remedied. 
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SUMMARY OF THREE PHASE FALLEN CONDUCTOR 
DATA 
Area Protected 
by Breaker 
Area Protected 
By 30 OCR 
Occureaces by Line Section Typo 
Occureaces by Conductor Type 
Position of Protective Device 
As Found After /allure 
Occureaces By Failure Typo 
Cccurenccs By Conductor Type 
Causes of Conductor Failure 
Lightning 
Weather 
Trees 
Vehicles 
Ct^er 
UoVnowa 
113 
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1 
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2 
3 
20 
2 
113 Occurences represent 
29 < of aU fallen 
conductor cases. 
Station breakers failed to 
clear the fault In 57_< 
of the   J~LO   occurencea. 
52 $ of all failures to 
dear. 
1." 
ora CUSS 
31 22 
XL? Bare XL? Bar* 
3 30 8 Ik 
1 1 3 
1 .1 
2 12 3 1 
7 1 1 
9 12 
55 Occureaces »ei>i*s*at 
1*   * of ail fsllca 
conductor cases. 
3?0.C.X.*a failed to 
clear the fault In *0    t 
of the    55    occur*****. 
I"* i of all failure* t*> 
clear 
TABLE  1 
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SUMMARY OF SINGLE PHASE FALLEN CONDUCTOR DATA 
Area Protected 
By 10 OCR 
Area Protected 
By Tap Fuse 
Occureneea by Line Section Type 
Occurences by Conductor Type 
Position of Protectlre Device 
As found After Failure 
Occureoces By Failure Type 
Occurences By Conductor Type 
Causes of Conductor Failure 
Weather 
Trees 
TeMclcs 
Other 
UaJu-.ova 
XL? 
2 
Ear* 
65 
1 
7 
k2 
5 
10 
XL? 
0 
Bare 
1 
XL? 
3 
1 
2 
Bare 
13 
O^    Occurcnecc represent   22 £ of 
all fallen conductor cases. 
10 O.C.R.'o failed to clear tbe fault 
in    20  g 0f the     8U    occurences. 
13 of all failures to clear. 
XL? 
2 
138 
e       XL?     Xaro 
115     3     18 
7 
5 
BU     3     18 
6 
12 
1 
Occurences represent 
y? % of all falloa 
conductor CAMS. 
Fuses failed to clear tfco 
fault la .3-5    1 of tte 
138 
17 
occurences. 
of *U failures to 
clear. 
TABLE  2 
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Three Phase Lines 
As of January 1, 1975, the study utility's three phase distribution 
system was comprised of 6,778 circuit miles of bare conductor and 960 
circuit miles of cross-linked polyethylene (XLP) covered conductor.  It 
was protected by substation circuit breakers and oil circuit reclosers. 
The majority of failures to interrupt a fallen conductor fault involved 
these three phase devices.  The following tables show a breakdown of the 
characteristics of three phase lines and the failure to interrupt fallen 
conductor faults rate (failure rate). 
24 
PROTECTIVE DEVICES (THREE PHASE) 
Cases Open  Closed   Failure Rate 
Tap Fuses 1 1 0 0% 
Oil Circuit Recloser 55 33 22 40% 
Circuit Breaker 105 44 
TABLE 3 
61 581 
OIL CIRCUIT RECLOSER RATING (THREE PHASE) 
Cases i          0 pen Closed Fai lure Rate 
70-100 Amperes 8 6 2 251 
140-210 Amperes 30 17 13 43% 
280-560 Amperes 10 
TABLE 
8 
3A 
2 20% 
25 
CIRCUIT BREAKER RATING (THREE PHASE) 
480 Amperes 
600 Amperes 
640 Amperes 
720 Amperes 
800-960 Amperes 
Cases Open Closed Failure Rate 
5 5 0 OX 
68 26 42 62% 
7 2 5 711 
19 9 10 53% 
3 1 
TABLE 3B 
2 671 
26 
PRIMARY CONDUCTORS (THREE PHASE) 
Cases    Open   Closed   Failure Rate 
Bare 
XLP 
108 64 44 411 
53 14 
TABLE 4 
39 74X 
BARE CONDUCTOR-TYPE (THREE PHASE) 
Cases Open Closed Fa: Llure Rate 
Copperweld Copper 7 7 0 0% 
Copper 72 42 30 421 
ACSR 25 14 11 441 
Aluminum 4 1 
TABLE 4A 
3 75% 
27 
ACSR 
Aluminum 
6 
4 
2 
2/0 
4/0 
XLP CONDUCTOR-TYPE (THREE PHASE) 
Cases    Open   Closed   Failure Rate 
6 2 4 671 
47 12 
TABLE 4B 
35 741 
CONDUCTOR SIZE - COPPER EQUIVALENT (THREE PHASE) 
Cases t    Open 
6 
Closed 
0 
Fai Llure Rate 
6 ox 
50 30 20 401 
36 21 15 421 
11 3 8 731 
50 17 
TABLE 4C 
33 661 
28 
GROUNDING AT FAULT LOCATION (THREE PHASE) 
Cases    Open   Closed   Failure Rate 
Pole Ground 55       28      27 491 
TABLE 5 
GROUNDING-PROTECTIVE DEVICES (THREE PHASE) 
Cases    Open   Closed Failure Rate 
Tap Fuses               110 0 
Oil Circuit Recloser     23       13      10 43% 
Circuit Breaker 31       14      17 55% 
TABLE 5A 
29 
GROUNDING-PRIMARY CONDUCTORS (THREE PHASE) 
Bare 
XLP 
Cases Open Closed Failure Rate 
35 23 12 34% 
20 5 
TABLE 5B 
15 751 
30 
FALLEN CONDUCTOR-TERRAIN CONTACTED (THREE PHASE) 
Cases Open Closed Fai lure Rate 
Dirt 107 56 51 48% 
Macadam 28 14 14 501 
Miscellaneous* 20 5 15 751 
* (concrete, vehicles, water, fences and trees) 
TABLE 6 
31 
FALLEN CONDUCTOR-CAUSES (THREE PHASE) 
Tree 
Vehicle 
Weather 
Lightning 
Other 
Cases Open Closed Failure Rate 
31 24 7 23% 
15 10 5 331 
8 4 4 50% 
40 14 26 65% 
65 25 
TABLE 7 
40 62% 
32 
LINE END DOWN (THREE PHASE) 
Both 
Source 
Load 
Cases Open Closed Failure Rate 
73 45 28 33* 
39 16 23 591 
43 16 
TABLE 8 
27 63X 
33 
Single Phase Lines 
As of January 1, 1975 the study utility's single phase distribution 
system was comprised of 23,150 circuit ailes of bare conductor and 
700 circuit ailes of cross-linked polyethylene (XLP) covered conductor. 
It was protected mainly by oil circuit reclosers and tap fuses.  The 
following tables show a breakdown of the characteristics of single phase 
lines and the failure rate associated with each.  (Two phase lines are 
included under single phase lines). 
34 
PROTECTIVE DEVICES (SINGLE PHASE) 
Cases Open Closed Fail ure Rate 
Fap Fuse 137 116 21 15% 
Oil Circuit Recloser 83 67 16 m 
Circuit Breaker 8 5 
TABLE 9 
3 371 
TAP FUSE RATING (SINGLE PHASE) 
12-15 Amperes 
20-65 Amperes 
80-100 Amperes 
Cases    Open Closed Failure Rate 
7       6 1 14% 
91      78 13 141 
33      29 4 12t 
TABLE 9A 
35 
OIL CIRCUIT RECLOSER RATING (SINGLE PHASE) 
Cases Open Closed Fai lure Rate 
35-50 Amperes 26 22 4 151 
70-100 Amperes 43 31 12 281 
40-225 Amperes 13 13 
TABLE 9B 
0 0% 
36 
PRIMARY CONDUCTORS (SINGLE PHASE) 
Bare 
XLP 
Cases Open Closed Failure Rate 
216 183 33 151 
11 4 
TABLE 10 
7 641 
BARE CONDUCTOR-TYPE (SINGLE PHASE) 
Cases Open Closed Failure Rate 
Copperveld Copper 82 73 9 HI 
Copper 30 23 7 23% 
ACSR 110 86 
TABLE 10A 
24 22% 
JP 
37 
CONDUCTOR SIZE-COPPER EQUIVALENT (SINGLE PHASE) 
7 
6 
4 
2 
Cases Open Closed Failure Rate 
19 15 4 211 
66 159 9 14% 
118 101 17 14% 
19 9 10 531* 
* Most #2 conductors (1/0 ACSR) are XLP covered while the rest 
are bare. 
TABLE 10B 
~J 
38 
GROUNDING AT FAULT LOCATION (SINGLE PHASE) 
Cases    Open Closed   Failure Rate 
Pole Ground            65      55 10         151 
TABLE 11 
GROUNDING-PROTECTIVE DEVICES (SINGLE PHASE) 
Cases Open Closed Failure Rate 
Tap Fuses 42 38 4 101 
Oil Circuit Recloser 19 15 
TABLE 11A 
4 21% 
39 
FALLEN CONDUCTOR-TERRAIN CONTACTED (SINGLE PHASE) 
Cases Open Closed Fai Llure Rate 
Dirt 175 144 31 18% 
Macadam 29 24 5 17% 
Miscellaneous* 22 19 3 14% 
* (concrete, vehicles, water, fences and trees) 
TABLE 12 
40 
FALLEN CONDUCTOR-CAUSES (SINGLE PHASE) 
Tree 
Vehicle 
Weather 
Lightning 
Other 
Cases Open Closed Failure Rate 
157 129 28 181 
15 12 3 201 
13 12 1 n 
11 11 1 91 
32 25 
TABLE 13 
7 221 
Al 
LINE END DOWN (SINGLE PHASE) 
Both 
Source 
Load 
Cases Open Closed Fai .lure Rate 
132 118 14 n 
47 38 9 211 
32 22 
TABLE 14 
10 29% 
42 
Additional Details 
In addition to the data already presented, other observations 
were made during the statistical analysis. The following factors were 
reviewed and eliminated from further study: 
A) Multiple failures of the same protective device to open 
B) Correlation of the trip setting of the protective device 
and the available fault current. 
C) Number of operations of the protective device before the 
final position (open or closed) is achieved. 
In studying the causes of fallen conductors, it was noted that 
97 cases (25% of all cases) were the result of "other" causes.  A 
more detailed breakdown of the "other" causes is shown in Table IS, 
page 44. 
The study utility is divided into six operating divisions. An 
analysis of the protective device failure rate for each division is 
shown in Table 16, page 45. This table shows that the Susquehanna 
Division exhibits the lowest failure rate. Circuit breaker performance 
was particularly effective as compared to the rest of the system. 
Discounting geographical factors, the only difference in division 
43 
"OTHER" CAUSES-FALLEN CONDUCTORS 
Cases Causes 
37 Burn off of hot line claap, 
sleeve or compression connector 
15 Failure of splice 
11 Contacted by contractors 
7 Vandals 
5 Physical deterioration 
1 Insulator burndovn 
TABLE 15 
44 
DIVISION FAILURE RATE (%) 
Protective Device CB  30 OCR  10 OCR  Fuse  Total 
Systemwide 58 40 18 15 32 
Lehigh 73 25 40 6 38 
Harrisburg 70 33 15 21 36 
Susquehanna 18 33 13 0 13 
Scranton 75 40 50 22 46 
Lancaster 52 53 17 17 30 
Northeast 50 60 
TABLE 16 
0 23 29 
45 
operating practices is that Susquehanna Division grounds all single 
phase transformer installations in addition to following existing 
grounding guidelines.  This fact will be discussed further in Chapter 
7. 
Conclusions 
Reviewing the results of the statistical study shows three 
outstanding facts.  First, there was a greater lack of ability to 
interrupt fallen conductor faults than previously realized.  Almost 
one third (32%) of the cases were not interrupted.  Second, the 
majority (70%) of failures to interrupt involved three phase devices. 
The greatest gain could be made in improving three phase line pro- 
tection.  Third, the use of XLP covered conductors has greatly 
increased the probability of failure to interrupt a fallen conductor. 
Circuits constructed with XLP covered conductors show a greatly 
increased probability of failure to interrupt a fallen conductor 
fault than circuits constructed with bare conductors. 
A composite shows that the worst three phase failure rates 
apply to XLP covered conductors protected by circuit breakers with 
fallen conductors resulting from lightning and "other" causes.  A 
single phase composite shows that the worst failure rates apply to 
XLP covered conductors protected by oil circuit reclosers with 
fallen conductors resulting from trees and "other" causes. 
46 
Table* analyzing the various ratings of protective devices, 
different wire types, the presence of pole grounds, and the varied 
surfaces contacted by the fallen conductor yielded no useful 
information. 
47 
CHAPTER 5 
EXAMINATION OF STAGED FAULT TESTS 
A)  Staged Short Circuit Fault Teat 
As the test utility's contribution to aesthetics, a close spaced 
distribution line design using cross-linked polyethylene (XLP) covered 
conductors was adopted in 1965. By the early 1970's the failure of 
XLP conductors had become frequent enough to cause great concern. 
In many instances, the circuit protective device experienced diffi- 
culty in interrupting the fault. The difficulty fell into two cate- 
gories:  failure to detect and clear the fault and multiple trips 
and reclosures resulting from failure to lock out the circuit breaker. 
The former problem resulted from the relatively low current magnitudes 
of XLP covered conductor faults. The latter resulted from the erratic 
behavior of the fault which frequently gave reclosing relays time 
to reset during the fault (about ten seconds is sufficient). A 
way to effectively interrupt fallen conductor faults was needed. 
A test was conducted during October, 1973 at the study utility's 
East Allentown 66-12 KV Substation. The purpose of this test was 
three fold: 
1)  To determine typical current magnitudes for XLP covered 
conductor faults as compared to bare conductor faults. 
48 
2) To observe the typical behavior of the fault current as 
a function of time. 
3) To develop a aethod for clearing XLP covered conductor 
faults using the test data. 
The test consisted of placing approximately 30 foot lengths 
of XLP covered and bare 336.4 KCMIL aluainua conductors on different 
surfaces about ten feet outside of and parallel to the substation 
fence.  The location of the conductor was in close proxiaity to the 
buried ground ring outside of the fence.  The conductor was connected 
to a resistance structure which was connected to the substation 12 KV 
bus through a spare circuit breaker. 
The resistance structure consisted of two wood poles placed 
150 feet apart.  1200 feet of 0.25 IN. steel guy wire was strung in 
eight spans between the poles. The total resistance of approximately 
2.7 ohms simulated 2-3 miles of overhead line. The inductive reactance 
of the arrangement was negligible. The resistance could be adjusted 
by connecting the test specimen to different spans of wire. The 
calculated quantities for various fault conditions are shown in 
Table 17, page 50. The figures were calculated assuming no faults or 
ground resistance. 
49 
CALCULATED FAULT PARAMETERS 
Fault Condition    Fault Amps    Fault MVA 
Transformer 
Thermal Withstand 
Times (15 MVA Base) 
Bolted single 
phase fault 
8800 190 7 sec. 
Bolted three 
phase fault 
8300 179 9 sec. 
6 spans of 
wire (2 ohms) 
3300 71 1.1 min. 
8 spans of 
wire (2.7 ohms) 
2550 55 2.5 min. 
TABLE 17 
50 
The conductor was energized by closing the circuit breaker. 
Phase overcurrent relays were set at 600 amps (0.6 seconds at ten 
times pickup).  Instantaneous tripping was blocked.  Instrumentation, 
including oscillographs, was installed to record current and voltage. 
The testing procedure began with the test sample being laid 
on the test surface with the circuit breaker open. The circuit 
breaker was closed when all personnel were in the clear. Time to 
clear the fault was measured. The condition at the end of the con- 
ductor was observed before and after each test. Each test shot was 
terminated if the fault did not clear within five minutes. Test 
shots using bare conductors consisted of three shots on dirt, one shot 
on asphalt, one shot on grass and two shots intertwined with a second 
bare conductor. The XLP covered conductor testing schedule was seven 
shots on dirt, two shots on asphalt, three shots on sand and one 
shot on grass. The results of these tests are shown in Table 18A, 
page 52 and Table 18B, page 54. 
The original intent in this test was to make five identical 
shots under each condition and develop a probability distribution 
curve for the elapsed time between closing the circuit breaker and 
the clearing of the fault and for the current magnitude.  Initial 
tests showed that the general behavior of the fault under a particular 
set of conditions would be repeatable from one shot to the next. The 
current magnitudes varied little and the time to flasbover was fairly 
consistent. With only two exceptions, the fault occurred either 
immediately or not at all. 
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After the first two tests, it was determined that DO extra 
resistance need be inserted since the fault resistance encountered 
exceeded the resistance of the test structure by a wide margin. 
In the case of the bare conductor, the heating of the resistance 
wire caused the current to fall below the pickup of the ti»e-overcurrent 
relay before the relay could operate.  Only 2.5-3.S ohas of additional 
fault resistance (4-5 miles of overhead line) would have prevented 
relay operation.  An actual fault this far out on the line would 
probably be beyond a sectionalizing device that could clear it. 
The total resistance encountered in these tests ranged froa 7.5 
to 8.5 ohms.  In the XLP covered conductor test, the minimum total 
resistance ranged from 30 to 45 ohms.  The maximum resistance fluctuated 
between the minimum and an open circuit during the course of a fault. 
Various conditions of the XLP insulation (stripped, nicked, etc.) 
were selected to simulate conditions that could exist when a conductor 
falls on the ground.  The behavior of the fault current under each of 
these conditions was similar and verified that the XLP covering caused a 
severe restriction to the fault current.  This restriction was ap- 
parently not in the arc itself but in the relatively small area of 
exposed conductor through which the current must pass.  The XLP fault 
currents typically hit an initial peak and then fluctuated around some 
lower value between 0 and 25% of the bare wire fault current on the same 
surface.  In some cases, the re-energization of the previously faulted 
XLP covered conductor resulted in no fault at all. With bare conductor, 
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the large amount of conductor in contact with the ground reduced the 
rate of localized heating and drying of the surface to a such lover 
level.  The fault current was steady and repeatable. 
The XLP conductor fault arcs were far more concentrated and intense 
than the bare conductor fault arcs and did much aore damage to the 
surface. A hole was burned in the ground about two inches in diameter 
and several inches deep in less than a minute.  Red hot particles of 
fused earth and rock were spread over a radius of several feet.  The 
amount of energy dissipated in the XLP fault can be illustrated by the 
fact that the ground at the fault location was still warm 24 hours after 
the fault. 
The results of the test were entirely unexpected.  For both 
XLP covered and bare conductor, at no time was there sufficient fault 
current to trip the circuit breaker.  Subsequent calculations 
indicated that if ground relays would have been installed, a relay 
setting of 50 amps or less would have been required to detect and 
reliably clear the faults on dirt or grass.  A ground relay set 
over 50 amps would not provide reliable clearing on all of the XLP 
faults because of the fluctuations in the current. The fault current 
frequently fell below 50 amps and occassionally dropped to zero.  The 
XLP covered conductors lying on damp sand and both XLP covered and bare 
conductors lying on dry asphalt could not have been detected by ground 
relays because of the minimal fault currents developed. 
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An ordinary definite-tiae overcurrent relay with a pickup of 50 
asps could not coordinate with the characteristics of the three phase 
OCR and would also be susceptible to overtrips due to load unbalance 
or a single phase fuse operation. 
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B)  Staged Open Circuit Fault Test 
Calculations indicate a recognizably greater voltage unbalance 
during open conductor fault conditions than during normal operation. 
This unbalance may possibly be used to provide intelligence to operate 
protective devices to open the circuit.  To verify these calculations, 
tests to determine the effects of open conductors were held on October 
20, 1975 on the study utility's Egypt 66-12 KV Substation 11-2 Line. 
This line was chosen because calculations indicated that detection of 
an open conductor on this type of line would probably be more difficult 
than on a line with heavier normal load or with smaller capacity 
grounded wye-delta transformer banks.  The backfeeding of the load 
through grounded wye-delta banks limits the voltage unbalance under 
fault conditions. 
The Schoeneck Farms Tap off the Egypt 11-2 Line protected by a 
three phase 225 Ampere oil circuit recloser (OCR) with three single 
phase load break bypass switches was chosen for the open conductor 
tests.  The OCR and its associated bypass switches were used to 
individually open each phase conductor.  Two bypass switches were 
closed and the OCR then opened leaving one phase conductor open. 
Opening in this way is equivalent to a very high impedance phase- 
to-ground fault where a phase conductor is in contact with ground but 
is not drawing fault current. 
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This line section is located 2.2 Biles from the substation and 
supplies two large grounded wye-delta transformer banks located 0.7 
■iles beyond the OCR.  A 500 KVA bank supplies an asphalt plant while 
a 833 KVA bank supplies a quarry and rock crusher.  The tap also 
supplies a 150 KVA wye-wye transformer bank, three small grounded 
wye-delta banks, and a normal complement of single phase transformers 
connected to the three phase line as well as several single phase 
taps.  Figure 2, page 63 is a one-line diagram of the portion of the 
Egypt 11-2 line which was used for the test. 
The primary purpose of the test was to verify the unbalanced 
voltage theory.  Additional data was also to be gathered that might 
suggest other characteristics which could be used to detect and initiate 
interruption of fallen conductor faults. 
Measurements were taken at Egypt Substation, the Schoeneck Farms 
Tap OCR and near the end of the line between the two large grounded 
wye-delta banks.  Prior to the test, recording ammeters were installed 
at the substation, the OCR and the end of the line.  A recording 
ammeter which measured residual current and a recording voltmeter 
which measured zero sequence voltage (3E ) were installed at all 
three locations.  Residual current and zero sequence voltage were 
obtained for these two recording meters by installing 100:5 current 
transformers and 60:1 potential transformers on the 12 KV primary line 
and connecting them as shown in Figures 3 and 4, page 64 . 
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ONE LINE DIAGRAM 
v- 
B 
Egypt 
Substat .     I- ion I 
Z(line A-B) 
-Q W  
1 (load A-B) 5" 
A 
1200 KVAR 
Capacitor "A" 
225 amp OCR 
I(load B-C) 
"S    Z(line B-C) 
~K- 1200 d'AR Capacitor    B 
(Out  of  service 
during test)    Q 
833 KVA ?§_ 
Transformer "B"    ~^. 
HP 500 KVA Transformer "A" 
Figure 2 
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^ 
WIRING DIAGRAM FOR OBTAINING RESIDUAL CURRENT READINCS 
A 
B 
M: 
Ik 
I- 
® 
Figure 3 
WIRING AND VECTOR DIAGRAMS FOR OBTAINING ZERO 
 SEQUENCE VOLTAGE DATA  
A 
B 
*  i< <■» «*/<»J 
3E 
Figure 4 
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Residual current is the current flowing fro* the common connection 
of the wye connected current transformer secondaries to ground.  Zero 
sequence voltage is Measured at an open corner of the dalta connected 
potential transformer secondaries.  The residual current and zero 
sequence voltage are a measure of unbalance of the three phase line 
and changes in these parameters represent changes, such as an open 
conductor, in the line characteristics.  All of these devices remained 
in operation until the test was completed. 
Daily heavy and light load periods were determined from the 
recording ammeter charts so that a schedule of tests during heavy 
and light load periods could be developed.  The normal weekday load 
characteristics at the OCR are shown in Table 19. The recording 
voltmeters also provided an indication of the phase unbalance that 
could be expected during normal operation. 
NORMAL WEEKDAY LINE LOADING AT SCHOENICK FARMS TAP OCR 
Phase    Heavy Load Period Light Load Period 
7 AM - Noon & 12:30 PM -     Noon     3:30 PM - 7 AM 
3:30 PM 
A 
B 
C 
45 amp 10-20 amp 15 amp 
45 amp 10-25 amp 15 amp 
65 amp 30-35 amp 30 amp 
Table 19 
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On the day of the test, additional instrumentation was installed. 
At the substation phase current, phase angle, phase voltage and 
residual current were measured.  On the load side of the tap OCR 
phase current, phase angle, residual current, phase voltage and zero 
sequence voltage were measured.  Also, at the last location an oscil- 
lograph recorded the three phase voltages and the zero sequence 
voltage. 
Arrangements for the test were carefully made.  However, on the 
test day, a sudden shower occurred just as test preparations were 
being completed.  Consequently, the asphalt plant did not operate and 
the intended heavy load test became a medium load test.  Light load 
measurements were scheduled from noon to 12:30 P.M. when the rock 
crusher and asphalt plant are normally down for the lunch period. 
Time constraints limited the light load, phase open test to "A" phase 
only.  During early afternoon the asphalt plant went into operation 
for 15-20 minutes and then stopped for the remainder of the day. 
Therefore, one set of data was obtained for heavy load, system normal. 
The circuit configuration and tap loading were as follows: 
Test #1 - System Normal - Medium Load - 11:05 A.M. 
Test #1A - System Normal - Heavy Load - 1:35 P.M. 
Test #2 - "A" Phase Open - Medium Load - 11:20 A.M. 
Test #3 - "B" Phase Open - Medium Load - 12:45 P.M. 
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Test #4 - "C" Phase Open - Medium Load - 1:10 P.M. 
Test #5 - System Normal - Light Load - 12:20 P.M. 
Test #6 - "A" Phase Open - Light Load - 12:05 P.M. 
A computer program was used to obtain the positive, negative and 
zero sequence components of current which flow in the various branches 
of the sequence network for the test line. These currents were then 
used to calculate the symmetrical component voltages at various points 
in the circuit. The capabilities of the program are limited by the sire 
of the circuit which can be calculated and by the number of parameters 
which can be changed for any given set of circuit conditions. 
Calculated, measured and oscillograph values of zero sequence 
voltage (3E ) obtained at the three locations are tabulated in Table 
20, page 68 . These values indicate that a substantial increase in 
zero sequence voltage does occur coincident with the opening of a 
phase conductor. The magnitude of this change is in the order of 
three times the normal zero sequence voltage and can be detected at 
the end of the line and at the faulted location, in this case, at 
the OCR. This indicates that changes in zero sequence voltage for 
these conditions could be used to operate a voltage relay. However, 
many other line conditions have to be investigated. 
The oscillograph recordings indicate that many harmonic components 
are present in the zero sequence voltage. When a phase conductor is 
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opened, significant increases in the fundamental and second harmonic 
and decrease of the third harmonic components were observed. The 
values of the higher harmonic components generally increased moderately. 
These readings were analyzed using a Hewlett Packard 9830 desk 
top programmable calculator. A Fourier analysis in the frequency 
domain was performed in addition to the numerical integration of 
the waveform which determined the RMS values.  A Fourier analysis 
is the process of representing a periodic function in series form in 
terms of harmonically related sinusoids.  The coefficients can be 
conveniently displayed in a plot of the magnitude of Cn known as 
"line spectra".  The line spectra data was determined through the 
20th harmonic (Table 21, page 70 ). 
An analysis of the recording ammeter readings (Table 22, page 71) 
taken at the three locations during the test produced interesting 
results. A considerable change in the magnitude of the residual current 
was observed at the substation relative to the transition from system 
normal to phase open conditions. The magnitude changed from 0*6 
amperes to 38-62 amperes. This was equivalent to a value of 40-50% 
of the magnitude of the current flowing from the substation in the two 
undisturbed phases. 
A large change in the magnitude of the residual current was 
observed at the OCR when a phase conductor was opened. The magnitude 
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changed from 5 amperes to 27-72 amperes.  This was equivalent to a 
value of 1.4-1.7 times the magnitude of the current flowing in 
the two undisturbed phases at the OCR.  The residual was approximately 
180 out of phase with the voltage of the opened phase conductor. 
At the end of the line, a considerable change in the magnitude 
of the residual current was noticed when a phase conductor opened. 
The magnitude changed from 0-2 to 20-40 amperes.  This was equivalent 
to a value of 0.95-1.4 times the magnitude of the current flowing 
in the two undisturbed phases near the end of the line. 
Comparison of the residual current magnitude with that of the 
current flowing in the two undisturbed phases does not present a 
reliable or significant indication of an open conductor at the sub- 
station, OCR or end of the line.  The values of the current in the 
various conductors will change based on normal line loading, phase 
balancing, and the amount of load being backfed through grounded wye- 
delta transformer banks under fault conditions. 
Although, for this particular test configuration, the residual 
current was approximately 180 out of phase with the voltage of the 
opened phase conductor, it does not appear to be a conclusive means 
of detecting an open conductor. 
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The phase angle relationships between the line currents and 
the phase voltages changed in the transition froa normal to faulted 
conditions as did the magnitude of the line currents.  However, the 
initial line characteristics can vary appreciably under normal 
conditions depending on the time of day, line loading and phase 
balancing creating difficulty in applying protective schemes. 
A theoretical study indicated that a significant phase voltage 
unbalance would exist at the end of a three phase line during open 
conductor or grounded conductor fault conditions.  For the specific 
test conditions, the theoretical approach appeared valid.  A recog- 
nizably greater voltage unbalance was caused by the simulated open 
phase condition, as shown in Table 23, page 74 .  Only further study 
and tests will determine if unbalanced phase voltage may be a reliable 
indicator of fallen conductor faults. 
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C)  Other Utility Tests 
Other utilities have experienced numerous instances of fallen 
conductor faults which remained alive.  The inability to prevent 
these conditions, and the apparent lack of available technology 
for protection of these circuits has caused several utilities great 
concern.  They have embarked upon a program of research to study 
all possible means of protection.  Pennsylvania Power & Light Company 
(PP&L), Rochester Gas & Electric Company (RG&E) and New York State 
Electric & Gas Corporation (NYSE&G) participated in a conference to 
exchange information, strengthen commitments to support industry- 
wide research, and discuss initiation of cooperative and coordinated 
research.  Each utility discussed its system's characteristics and 
the steps it was taking in attacking the uninterrupted fallen con- 
ductor fault problem.  A summary of these comments are included 
below: 
1)  New York State Electric & Gas Corporation 
NYSE&G relies on a station breaker protective scheme con- 
sisting of three phase overcurrent relays and one ground relay. 
Their three phase electronic oil circuit reclosers (OCRs) are 
also equipped with a ground trip relay.  Good design has resulted 
in well-balanced lines with the largest single phase tap fuse 
being 60 amperes.  They are now in the process of converting 
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their 4 KV primary distribution system to 12 and 34 KV, with 
34 MV preferred.  KYSE&G applies low settings (50-100 aaperes) 
to the ground relays in an attempt to interrupt all faults. 
They accept the fact that false trips may occur, but aany 
customer interruptions already occur because they perform all 
12 KV line work de-energized.  An occassional false trip will 
not adversely affect the customer's attitude relative to conti- 
nuity of service.  They have experienced one failure to clear, 
one correct clear and one overtrip during switching. 
A proposed relay scheme will block reclosing if the breaker 
is tripped by ground relay operation.  For all high current 
faults, the phase relays will operate and allow reclosing.  For 
low magnitude ground faults, the ground relay will operate before 
the phase relay and block reclosing.  An area of miscoordination 
must be tolerated as shown in Figure 5, page 77.  This installation 
will be expensive since reclosing schemes will require redesign. 
This scheme has not been approved by the local operating departments. 
v 
NYSE&G has stated a preference to perform their own inde- 
pendent investigation with ultimate application of their solution 
to their system, rather than seek an industry-wide solution. 
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PHASE-GROUND RELAY  COORDINATION 
GROUND 
RELAY 
OPERATES 
t    RELAY      (CO-11) 
GROUND   RELAY (CO-5) 
-H-0  RELAY 
OPERATES 
NO  COORDINATION   -   CROUN'D   RELAY   WILL 
1 OPERATE   5   LOCK   OUT   BREAKER 
Figure 5 
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2)  Rochester Gas & Electric Company 
On the RG&E system, 12 KV line lengths are limited to 
five miles (much shorter than the study utility) and no three 
phase OCRs are used.  Extensive use is made of XLP covered 
conductors using post-type insulators mounted on "heatherlite" 
plastic brackets in a triangular configuration.  They use a 
station breaker protective scheme consisting of three phase 
overcurrent relays and one ground relay.  The ground relay 
setting is approximately one third of the phase relay setting. 
RG&E has experienced numerous uninterrupted fallen conductor 
faults which are generally attributed to lightning.  Initially 
their close space construction used metal brackets.  They feel 
that use of plastic brackets has increased line BIL (basic 
impulse insulation level) and is the major contributor to 
reducing the frequency of conductor burndown.  Lightning ar- 
resters have also been applied to all three phases at 1,000 
foot intervals in an attempt to lessen lightning caused fallen 
conductors.  Line operation has improved, but detecting and 
clearing faults that do occur is still a problem.  25 interruptions 
due to downed conductors were reported in the Rochester District 
in 1975.  Thirteen of these, (521) failed to initiate a station 
trip of any kind. 
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RG&E expressed interest in working with the Institute of 
Electrical and Electronic Engineers (IEEE) and the Electric 
Power Research Institute (EPRI), but is placing eaphasis on 
their own investigations while exchanging information and working 
cooperatively with the study utility.  Their research efforts 
are directed towards the harmonic analysis of fault current. 
The extent of their work is necessarily quite limited and they 
may be missing some valuable frequency analysis data above 1,000 
Hz due to test equipment limitations.  Any solution reached will 
probably have limited applicability because of dependence on 
the presence of fault current. 
In theory, the current to an arcing fault should not be 
sinusoidal due to the restrike time in passing through zero. 
The sudden change in current upon each re-strike should cause 
harmonics to appear at the station current transformer secondaries. 
If the soil exhibits any non-linear resistance characteristic, 
it also will contribute to harmonic generation. 
There are many customer devices that can cause harmonic 
currents in the 60 Hz power lines.  Devices and machinery that 
employ SCRs are noted for harmonic generation. Rectifiers also 
contribute their share. The effect of these harmonic generating 
devices would tend to mask those produced by a fault to a certain 
degree. 
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Tests to determine the harmonic content of fault current 
resulting from a fallen conductor fault were conducted by RG&E 
on April 8, 1976.  The tests were conducted at the end of a 
specially constructed 2,790 foot single phase 7200 volt line 
consisting of a 336.A KCM XLP covered all aluminum phase conductor 
and a //I/O ACSR neutral.  The available fault current was 1,050 
amperes, three phase and 1,237 amperes, phase-to-ground.  The test 
circuit was protected with Westinghouse Type CO-11 extremely 
inverse overcurrent phase and ground relays.  Two tests were 
conducted with the following results: 
Test #1 
Phase conductor with a square cut end was placed on the 
ground. 
The energized conductor produced a fluctuating arc for 3-4 
minutes until the line was manually de-energized. 
Fault current varied from 20 to 60 amperes. 
Test n 
Phase conductor had approximately one foot of XLP covering 
removed before placement on the ground. 
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The energized conductor produced a fluctuating arc for 3-4 
■inutes until the line was Manually de-energized. 
Fault current varied from 30 to 50 amps. 
The section of bared conductor burned off into several segments. 
Plots of the harmonic content of the line voltages and line 
currents were obtained.  The currents were measured at a point in 
the circuitry where the fault current was included with the load 
current of another line.  This may lead to certain invalid conclusions. 
Although numerous harmonics were present, there was no way to deter- 
mine if they were solely fault originated or were normally present 
on the operating distribution system.  RG&E proposes instrumentation 
of normally operating distribution lines to determine if a significant 
difference exists between harmonics during normal operation and 
fault conditions. 
RG&E discussed the application of Fisher Pierce "Current Sensors" 
on their system.  They have not completed installation of the equip- 
ment on one trial line.  This equipment is designed to detect loss 
or large reduction of voltage at some location on the distribution 
system.  The loss of voltage signal is then transmitted by radio 
to initiate station breaker lockout.  They feel this is an impractical 
solution due to cost and the number of units required per circuit. 
They will complete this particular installation as a demonstration 
of effort to solve the fallen conductor problem. 
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CHAPTER 6 
POSSIBLE SOLUTIONS 
The uninterrupted fallen conductor fault problem requires a 
two-part solution. First, the nuaber of fallen conductors must be 
minimized by eliminating the main causes through better line design 
and maintenance. Second, the fallen conductors that do occur smst 
be quickly detected and de-energized. 
A)  Line Design and Maintenance 
Based on data gathered through intra-coapany reporting, the 
following factors listed in Table 24 are the main causes of fallen 
primary conductors. 
CAUSES-CLEARING FAILURE RATE 
Trees 188     19% 
Vehicles 30     27% 
Lightning 51     53% 
Weather 21     24% 
Other 97     48% 
Table 24 
The study utility serves a mostly rural and suburban area that 
is heavily treed. Reviewing the statistical data shows that 49% 
of all fallen conductors were caused by trees. Tree clearing has 
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been an intimate problem in designing and maintaining a line.  The 
study utility uses the following clearing widths in order of desira- 
bility: 
1) 3 Phase - Bare Wire - 25 feet each side of line 
1 Phase - Bare Wire - 15 feet each side of line 
2) 3 Phase - Bare Wire - 20 feet each side of line 
1 Phase - Bare Wire - 10 feet each side of line 
3) 3 Phase - Bare Wire - When located along streets 
1 Phase - Bare Wire   and roads, 5 feet minimum 
vertical and horizontal 
clearance. 
4) XLP Conductors       5 feet minimum vertical 
and horizontal clearance. 
As initial clearing is reduced, the maintenance clearing cycle 
becomes shorter and must be followed more strictly.  In essence, maximum 
clearing provides better reliability and saves maintenance dollars. The 
study utility has adopted the following procedures in dealing with tree 
clearing. 
1)  Strive to obtain maximum clearing width initially. 
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2) Adjust its Maintenance tree clearing schedule to 
insure its effectiveness in dealing with various tree 
conditions. 
3) Secure additional tree clearing rights on lines 
experiencing frequent problems. 
4) Relocate lines from heavily treed right-of-way when 
feasible with regard to reliability and economics. 
Following these steps should substantially reduce the nuaber 
of fallen conductors due to trees. 
The study utility engineering guidelines specify that cross- 
linked polyethylene (XLP) covered conductors should only be used 
at: 
1) locations where minimum tree clearance for bare conductors 
cannot be obtained but clearance to XLP conductors is 
available. 
2) locations where close-spaced vertical construction may  be 
necessary to obtain horizontal clearances to structures, etc. 
3) All locations near substations where the calculated fault 
current for the most severe type of fault exceeds 12,000 
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amperes.  They oust be installed to the point on the line 
where the available fault current beyond is less than 
12,000 amperes (1700 feet maximum). 
XLP covered conductors have the advantage of withstanding short 
duration tree or phase-to-phase contacts without interrupting service. 
However, the statistical analysis shows that damage from falling 
trees, on a per mile basis, is about equal for bare and XLP covered 
conductors.  Repair costs, on a per case basis, from this cause is also 
about equal to bare conductor.  The study also shows that the lightning 
burndown frequency is about 27 times greater for XLP covered conductors 
than for bare wire, on a per mile basis.  For all cases of conductors 
breaking and falling, XLP covered conductor failure is 2.5 times greater 
than bare conductor failure, on a per mile basis.  The study also shows 
that when a conductor falls to ground, the probability of circuit 
interruption is about 7.5 times less for XLP covered conductors as 
compared to bare conductors. 
It is evident that installing XLP covered conductors to permit 
minimum tree clearing is not desirable from the standpoint of cost, 
conductor burndown and safety. 
Using XLP covered conductors near substations was deemed 
necessary because of large available fault currents (20,000 aaperes). 
The electromagnetic field surrounding the conductor carrying fault 
current causes forces which push the conductors together or cause 
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them to fly apart. XLP covered conductors prevent severe service 
disruption fro* these Momentary phase contacts. 
To eliminate the use of XLP covered conductors near substations 
would require a change in overhead line design. One alternative 
which would eliminate phase slapping would be to increase phase 
spacing. The required spacing would be calculated and obtained by 
using longer cross arms and/or lowering the arm mounting height. 
Another alternative would be to use inspan fiberglass phase 
wire spacers.  Cost and initial conditions would be the deciding 
factors in determining the most viable method.  Limiting XLP covered 
conductors in new construction as much as possible is a company-wide 
goal. 
"Other" causes accounted for 25% of all fallen conductors. 
This category includes improper installation, material failure, 
contact by contractors and vandalism.  34% of all failures to interrupt 
fallen conductor faults attribruted to "Other" causes resulted from 
improper installation. Whether through ignorance or forgetfulness, thii 
should not be tolerated. Line personnel are trained in the proper use 
of all equipment. This training should include the actual imple- 
mentation of the equipment in a test installation. Each person should 
be required to handle and install the equipment.  Lectures and films do 
not breed familiarity as well as actual use. 
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Line foremen are responsible for the work performed by their 
crews.  This fact should be stressed.  Quality inspection results are 
now mailed to the foreman. A new procedure should be established 
whereby the foreman and the inspection engineer review the results of 
the inspection on the job site.  This places more emphasis on the 
problem and permits discussion of the details involved. 
Media campaigns to alert contractors to beware of conductors, 
the use of plastic versus porcelain insulators to limit vandalism, 
and periodic inspection and replacement of deteriorated equipment 
are additional steps that will help to limit the number of fallen 
conductors resulting from "Other" causes. 
Lightning strikes are another frequent cause of conductor 
failure.  The problem is especially serious for three phase XL? 
covered conductor lines. Minimizing the risk presented by lightning 
can be accomplished by using lightning arresters or shield wires 
to guide the high lightning produced currents into the ground.  The use 
of lightning arresters at regular intervals along XLP covered conductor 
lines has been tried successfully by some utilities. This is an ex- 
pensive solution to install and maintain.  Much faith must be put in 
the ability of the distribution arrester to handle high lightning 
discharge currents without sustaining damage. 
The use of shield wires has an additional advantage besides 
diverting lightning strikes from the phase conductors.  It also helps 
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protect the wires from falling trees and tree limbs.  However, shield 
wires are only effective in areas of low ground resistance.  The 
presence of the multi-grounded neutral conductor helps the study 
utility achieve the low ground resistance required.  Existing lines 
can be protected at a moderate cost by mounting the shield wire 
on pole top extensions (angle irons, wooden arms, etc.) 
These solutions can be selectively applied in lightning-prone 
areas with a record of fallen conductors.  Cost, existing conditions 
and effectiveness would have to be considered before these methods 
were applied. 
Vehicle accidents accounted for another 8% of fallen conductors. 
A little foresight in the placing of poles at dangerous curves and 
intersections can lessen the accident risk. At existing accident 
prone locations, the poles should be protected by barriers (wood pole 
stubs, steel pipe, etc).  This may absorb the brunt of the accident 
and protect the line pole. 
One solution is available that eliminates the fallen conductor 
problem entirely.  That would be to install all distribution circuits 
underground.  However, the cost is so prohibitive that it excludes this 
idea from being seriously considered at the present time. 
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B)  Protective Schemes and Devices 
In seeking a possible solution, all the characteristics and 
methods that night initiate protective device operation were 
considered for feasibility. 
INITIATING CHARACTERISTICS 
1) Phase-to-Ground Fault Current 
2) Residual Current 
3) Unbalanced Phase Voltage 
4) Harmonic Study 
5) Zero Sequence Voltage 
6) Interruption of Carrier Signal imposed on Phase Wires 
7) Loss of Potential 
8) Noise Frequency from Arcing Fault 
9) Change in Phase Angle 
10) Unbalanced Currents 
The results are as follows: 
1)  Phase-to-Ground Fault Current 
In response to the questionnaires, other Edison Electric 
Institute (EEI) utilities have credited their success in clearing 
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fallen conductor faults to the use of ground relays with an apparent 
willingness to tolerate an unknown number of overtrips.  The study 
utility now uses instantaneous and time overcurrent phase relays. 
A ground overcurrent relay can be adjusted to provide faster and 
more sensitive protection for phase-to-ground faults (single 
phase) than phase relays can provide. 
A proposal was made to use instantaneous ground overcurrent 
relays that would coordinate with the other protective devices of 
our system.  To assure selectivity under all circumstances, the 
pickup of the ground relay should be somewhat higher than that of the 
other protective devices on the feeder with which the relay must be 
selective.  For instance, 225 Ampere and 280 Ampere hydraulic oil 
circuit reclosers (OCRs) are now being used on the 12 KV feeders. 
The minimum pickup current of these OCRs is 450 amperes and 560 
amperes respectively.  This means that a ground relay would 
have to be set somewhat above these values to prevent tripping of 
the feeder circuit breaker for phase-to-ground faults beyond these 
OCRs having a fault magnitude just under the pickup value of the OCR. 
With available relay taps and current transformer ratios, the minimum 
setting for the ground relay would be 480 amperes if backing up a 
225 Ampere OCR and 600 amperes if backing up a 280 Ampere OCR. This 
allows for very little error in the pickup values of the OCR or 
ground relay so that the relay settings may actually have to be 
higher than these values.  Since most of the phase relays on the 12 KV 
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feeders are set between 480 and 720 aaperes, it can be seen that 
little would be gained by the addition of instantaneous ground relays. 
These relays would have to be set so high that they would overlook 
the ground faults producing low Magnitude fault current, exactly 
the kind of fault that results froa an energized conductor lying 
on a high iapedance surface. 
The application of a low set definite-time ground overcurrent 
relay was then investigated. The time delay feature is attractive 
in that it allows conventional sectionalizing scheaes the opportunity 
to clear the fallen conductor fault.  If the fault is not cleared 
within a certain length of tiae, the ground relay will operate and 
open the feeder. To determine the feasibility of this idea, coordi- 
nation curves were plotted using a setting of 200 aaperes and a ten 
second delay, the curves showed aiscoordination with fuse links 
of 100 K and larger. The tine-current curves for 80K presented a 
very small area of aiscoordination. These fuse link sizes represent 
25% of all the fuse links used by the study utility based on the intra- 
company fallen conductor reports.  If an occassional incorrect oper- 
ation can be accepted, a substantial iaproveaent in fault clearing 
effectiveness can be achieved.  Lower settings for the ground relay 
can be used on some lines without causing probleas. The setting 
does not have to be higher than load current because ground relays 
are not energized during normal load conditions, except on some 
distribution feeders where residual current flows normally because 
of load imbalance. 
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In summary, the use of ground relays would provide a partial 
solution to the fallen conductor problem utilizing conventional over- 
current relaying.  100% coordination demands high settings while 
100% protection requires very low settings.  A balance between coordi- 
nation and sensitivity deaands would result in improved circuit 
breaker performance.  52% of the reported failures to clear fallen 
conductor faults were due to circuit breakers equipped with only 
high set phase relays.  If ground relays at half phase settings were 
installed, more faults would be cleared.  Based on a statistical 
analysis of the fallen conductor data, ground relays can be applied 
to detect at least 30% of all fallen conductor faults not presently 
cleared.  This would improve the correct operation rate from 68% 
to 78%. 
2)  Residual Current 
Due to load imbalance a small residual (neutral) current is 
usually present on distribution feeders under normal operating 
conditions.  The Egypt Test showed that an infinite impedance fault 
(no fault current) causes unbalanced conditions which result in 
significant residual current (26-62 amps).  This change in residual 
current, however, has no distinguishing characteristics from the 
significant residual currents due to normal day to day load fluctu- 
ations as far as magnitudes are concerned. Unwanted tripping of 
unfsuited line sections could result and would be anticipated. 
92 
Application of a change in residual current sensing device at a 
three phase OCR would probably lessen the nuaber of unwanted trips 
of the substation breaker, but the OCR could trip for an open 
conductor fault between the OCR and the substation, ruining 
coordination.  Such an application would require a means of 
communication between the two devices and application of a logic 
scheme to open the OCR and test to see if the fault was cleared. 
If the fault was not cleared, the substation breaker would have 
to be told to clear the fault.  Likewise, a similar installation 
at the end of the three phase line section would require a means 
of communication and a logic scheme of testing for the fault 
location. 
Other factors can hinder obtaining sufficient sensitivity for 
desired relay operation.  One problem involves the wide use of grounded 
wye-delta transformer banks on the study utility system. This may cause 
unpredictable residual current and hence result in false tripping. 
Further testing is needed to determine the exact effect. Another 
problem may arise from current transformer errors when a large 
phase-to-phase fault current flows.  The more sensitive the residual 
current relay has to be in order to operate on the severely restricted 
phase-to-ground fault currents, the more likely it is to operate 
on this current transformer error current.  The troublesome affect, 
often called "false residual current", results from a large transient 
current flow through the relay coils in the current transformer 
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neutral when there is no actual ground fault in the current trans- 
former primaries.  This happens because the current transformers 
have different errors because of unequal d-c offset in the primary 
currents or because of different amounts of residual magnetism. 
Such false residual currents can be reduced appreciably by 
the addition of resistance to the current transformer neutral circuit 
if the relay burden is not already high enough to limit the current. 
The addition of such resistance tends to equalize the current trans- 
former errors. 
A better arrangement is to use a one-window-type current trans- 
former on each feeder, thus eliminating the error current inherent 
in the separate measurement of the A-B-C-N currents.  The preferred 
arrangement is shown in Figure 6, page 95- Where the power transfo 
is solidly grounded, the current can get very high for a ground 
fault near the substation. Accordingly, a voltage limiter may be 
required in the current transformer secondary. 
The use of a change in residual current sensing device will 
provide an immediate, partial solution to the fallen conductor fault 
problem. Only further investigation will determine its effectiveness 
and cost. 
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3)  Unbalanced Phase Voltage 
A theoretical study was conducted by the study utility to determine 
the feasibility of detecting a voltage unbalance during fault conditions 
on 12 KV circuits supplying grounded wye-delta transformer banks.  The 
study indicated that there was a recognizably greater voltage unbalance 
at the end of a three phase line during open conductor or grounded 
conductor fault conditions than would exist during normal operation. 
The use of grounded wye-delta transformer banks makes the detection of 
unbalanced voltage more difficult because of backfeeding and balancing. 
The data obtained during the staged open circuit fault test showed that 
a significant voltage unbalance was caused by the simulated open phase 
condition.  The unbalance was most pronounced at the fault location with 
no discernible affect noticed at the substation. 
Rochester Gas & Electric Company (RG&E) is testing the voltage 
unbalance concept using a VHF radio system activated by a device sensing 
a loss of phase voltage or a three phase unbalance. Developed by Fisher 
Pierce, this scheme uses a "Powerflex" line post current sensor.  Two 
coils imbedded in a porcelain post insulator are capacitively coupled to 
the phase conductor mounted on the insulator cap.  The resultant induced 
voltage, which is directly proportional to the conductor voltage, is 
applied to three individual operational amplifier circuits. 
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Loss of any phase or detection of a three phase unbalance 
will cause the detecting device to go into an alara state.  If the 
radio channel is clear (unused), the VHF transmitter is enabled and the 
address at the remote unit is sent. At the substation, a receiver 
unit decodes the address.  If a match occurs, an interposing relay 
arsis the breaker tripping scheme.  The breaker will trip if bus 
voltage is present, otherwise the tripping circuit will be blocked. 
With installation on the one trial line incomplete, RG&E has 
decided that this solution is impractical due to the cost and the 
number of units required per circuit. 
The study utility also tested this device during the Egypt Staged 
Fault Test.  In cooperation with Fisher Pierce, three of their "Power- 
flex" line post current sensors were installed and used in conjunction 
with a test sample of a voltage phase-balance relay. The relay did 
not function as anticipated and Fisher Pierce's participation in the 
test was inconclusive. 
Unbalanced phase voltage appears to be a reliable initiating 
characteristic.  It offers the greatest possibility for positive 
interruption with the least probability of initiating false tripping 
of protective devices.  The use of voltage unbalance as an initiating 
characteristic may be peculiar to companies that use grounded wye-delta 
transformer banks to supply customers. Many questions still have to be 
answered concerning: 
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a)  Can a dependable and economical setbod be devised to 
/ 
sense tbe unbalance, transmit tbe information, and initiate 
tripping of circuit protective devices? 
b) Will the presence of various numbers of grounded wye-delta 
transformer banks offset the sensitivity of detecting 
devices? 
c) Will transient surges and interruptions, operation of 
protective devices or varying load conditions confuse 
the detecting devices and cause misoperation? 
Only further study will determine if the detecting of voltage 
unbalance is the most desirable or economic solution. 
4)  Harmonic Study 
The currents associated with an arcing fault are assumed to be 
of different waveform than the normal sinusoidal current of customer 
load.  This assumption is based upon the zero current time period 
that would be expected to occur as the arc restrikes at each half 
cycle. There is also some theory that the soil exhibits a nonlinear 
resistance characteristic similar to thyrite material that would 
cause harmonic currents to be generated. 
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A typical distribution transformer for 12 KV has a voltage 
ratio of 7200/120 or 60/1. From the viewpoint of primary ctimit 
this represents a current attenuation of 60 to 1 or approximately 
35 DB. Therefore all the customer's 120 volt harmonic generating 
equipment is isolated by a natural 35 DB attenuator and any aretag 
fault (primary) harmonic current is seen directly by the station 
current transformers. Large industrial loads that are served at 
higher voltages and have larger harmonic producing apparatus would 
tend to mask the harmonic fault current. The study utility and 
RG&E conducted tests to determine the presence and magnitudes of 
these harmonics. 
The study utility installed an oscillograph the day of the 
Egypt Staged Fault Test at the Quarry location. Its purpose was 
to record the zero sequence and three phase voltages. Readings 
taken during the test indicated that many harmonic components are 
present in the zero sequence voltage. 
When a phase conductor is opened, significant increases in the 
fundamental and 2nd harmonic and decrease of the 3rd harmonic com- 
ponents were observed while the value of the higher harmonic com- 
ponents generally increased moderately. These changes may lend them 
selves to a means of incorporating logic schemes with appropriately 
filtered meters in a protective device to detect an open conductor. 
Application of logic will depend on discovering a recognizable pattern 
of harmonic changes within the frequency analysis. 
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Work being done by RG&E has found a similar change.  They 
conducted the "12 KV Burn Down Test No. 2" in April, 1976.  Plots 
of the harmonic content of the line voltages and line currents were 
obtained.  The currents were measured at a point in the circuitry 
where the fault current was included with the load current of another 
line.  This may lead to certain invalid conclusions. 
RG&E's entire research program is geared to the use of harmonics 
and many tests will be required to identify what are normal and 
abnormal harmonics for a variety of line configurations. 
RG&E has computer designed and built two high Q notch filters 
tuned for 60 cycle.  This was prompted by the need of an instrumentation 
tool to confirm the presence of harmonics.  Once the presence and 
magnitude of harmonics can be measured and defined, the design of 
a protective relay can commence.  Present solid-state technology 
can easily add drivers, comparators, tripping relays and logic for 
tripping supervision to the already designed notch filters. 
5)  Zero Sequence Voltages 
Three phase systems are usually symmetrical or very nearly so 
during normal conditions and also during three phase faults.  During 
other types of faults, such as line-to-ground or line-to-line, they 
become unsymmetrical.  In such cases, they may be represented by the 
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method of symmetrical components.  In this method an unsymmetrical 
set of phasor currents or voltages is resolved into three symmetrical 
sets of phasors, namely: 
a)  The positive sequence system consists of a set of 
symmetrical three phase components usually of the 
same phase sequence as the original unsymmetrical 
set.  Positive sequence phasors are equal in magnitude 
with the usual 120 phase angle displacements. 
b) The negative sequence system consists of a set of 
symmetrical three phase components of opposite 
phase sequence to the positive sequence set.  Phasors 
of the negative sequence are equal in magnitude with 
120 phase displacements. 
c) The zero sequence system consists of three single phase 
components, all equal in magnitude and with the same phase 
sequence. 
Any three phase network which is symmetrical throughout except 
for one unsymmetrical short circuit can be represented by its three 
sequence networks connected at the point of fault. When the 
appropriate connections have been made, the current or voltage any- 
where in anyone of the sequence networks is equal to the corresponding 
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point of the three phase network.  If the values of the phase currents 
and voltages are desired, they can be computed by combining the 
appropriate sequence currents and voltages.  After the three sequence 
networks have been set up, connections can be readily made to 
represent any type of fault at any location. 
The zero sequence network plays an important role in determining 
the currents and voltages during ground faults.  In any three phase 
circuit, positive and negative sequence currents are confined to the 
line conductors.  Zero sequence currents, however, being in phase 
in all three line conductors, must find a return path elsewhere, 
usually through the earth. 
Methods of grounding a power system modify its zero sequence 
impedance. The system may be grounded either solidly or through 
a neutral impedance Zn.  The current through Zn is 3 Io, causing 
a voltage drop across it of 3 Znlo, which is added to all three 
line-to-neutral voltages and hence to the zero sequence component 
of these voltages.  An increase in the zero sequence impedance, viewed 
from the point of the fault, results in a decrease in the severity 
of a phase-to-ground fault.  The effect can approach that of no 
fault.  Therefore, in its effect on system stability during ground 
faults, grounding through impedance is better than solid grounding. 
Adding a grounding impedance, however, would work directly against 
the study utility in its efforts to detect and de-energize low 
current ground faults. 
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Calculation performed by the study utility indicated that the 
change in magnitude of zero sequence current from system normal 
to system faulted condition can initiate operation of a circuit 
clearing device.  A computer program was used to obtain the positive, 
negative and zero sequence components of current which flow in the 
various branches of the sequence networks.  This program allows the 
user to model a power system network and obtain solutions of that 
network in terms of branch currents for faults of his choice.  The 
result of each fault case is displayed to the user immediately after 
he specifies the fault location and system contingencies. 
The Egypt Staged Fault Test results showed that these 
calculations were sufficiently accurate to determine zero sequence 
voltage (3E ) as a result of an open conductor.  Test data indicates 
that a substantial increase in zero sequence voltage does occur 
coincident with the opening of a phase conductor. Due to the change 
in circuit configuration with one phase open, there is an apparent 
filtering action applied to the zero sequence voltage. The magnitude 
of this change is in the order of three times the normal zero sequence 
voltage and can be detected at the end of the line and at the faulted 
location, in this case at the OCR.  The zero sequence voltage up- 
stream from the open conductor fault is supported by downstream 
grounded wye-delta transformer banks.  The upstream data is of marginal 
value when compared to the downstream zero sequence voltages.  The 
implementation of a relay scheme using downstream zero sequence 
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voltages would require a communi cat ions system.  Using potential 
transformer circuitry, standard voltage relays can be installed which 
will operate contacts sending a coded signal to the local system 
operator upon operation.  The neans of communication can be a remote 
alarm transmitter.  Zero sequence directional relays would; (A) be 
very sensitive in recognizing fault conditions; (B) take into account 
grounded wye-delta transformer banks; (C)  limit false operations; 
and (D) be capable of initiating operation of OCRs and circuit 
breakers. 
Additional testing under various conditions is still required 
to verify the usefulness of zero sequence voltages and currents as 
fault indicators. 
6)  Interruption of Carrier Signal imposed on Phase Wire 
Rochester Gas & Electric is making a study and designing 
equipment to use the phase conductors for a carrier link.  This 
study is parallel to the Automatic Meter Reading (AMR) program that 
is being instituted by several utilities.  Preliminary studies 
indicate that suitable carrier channels in the low frequency end 
of the spectrum (IS to 24 KHz) might have good transmission 
characteristics. 
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The low shunt reactance of the line capacitors (150 to 1300 
KVAR) can be overcome with filters.  Coaputer designs have indicated 
that reasonable filters can be constructed to accomplish this. 
Several manufacturers have indicated that they would be interested 
in designing and providing inexpensive tone equipment for this 
application. 
RG&E has purchased a number of inductors for the construction 
of these filters.  A prototype has been built.  A section of 12 KV 
line has been selected and the capacitor banks will be treated in 
the near future.  Initially a series of tests will be conducted to 
determine the transmission parameters of this communication network. 
When these are available, they will be evaluated and presented to 
equipment manufacturers for possible equipment design. 
RG&E has several consultants under contract studying the complete 
program and the inter-related effect of these carrier systems and 
the AMR program. 
The manufacturers of the AMR equipment have shown interest 
in the use of their equipment for these purposes.  They have expressed 
a need for better utilization of their channels in order to justify 
the expenditures. 
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The study utility has decided that this solution is prohibitively 
expensive. 
7) Loss of Potential 
Loss of potential seems impractical on three phase lines because 
of back feeding through the grounded wye-delta transformer banks. On 
single phase lines it would be the most reliable indicator of a broken 
wire, but economics and practicality would prohibit its application. 
8) Noise Frequency from Arcing Fault 
It is commonly accepted that arcing faults create noise (high 
frequency oscillations) and these would be expected to be detectable 
at the substation. Extensive study and testing will be required 
to determine the existence of this characteristic and a method of 
sensing it. 
9) Change in Phase Angle 
The phase angle relationships between the line currents and 
the phase voltages change in the transition from normal to faulted 
conditions. However, the initial line characteristic can vary 
appreciably under normal conditions depending on the time of day, 
line loading and phase balancing. The Egypt Substation data suggests 
106 
a pattern of phase angle changes which would require extensive study 
to be incorporated in a protective scheme. 
10)  Unbalanced Currents 
The magnitude of the line current changes in the transition 
from normal to faulted conditions.  However, it does not present a 
reliable or significant indication of an open conductor.  The values 
of current in the various conductors will change based on normal 
line loading, phase balancing and the amount of load being backfed 
through grounded wye-delta transformer banks under fault conditions. 
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CHAPTER 7 
CONCLUSIONS 
A)       I mediate 
No feasible means has been found to effectively relay multi- 
grounded systems for high resistance faults.  This relaying is not 
necessary to limit fault damage, but rather to protect human life. 
Therefore, the utility industry must strive to minimize the problem 
within the limits of existing technology until research and development 
efforts can provide a feasible solution.  The following steps are 
recommended as some positive action that can be accomplished in 
the near future at a reasonable cost. 
Ground Relays 
Ground relays at half phase relay settings should be installed 
in all substation circuit breakers.  Most circuit breakers are 
designed to incorporate the use of ground relays quite readily. 
Based on test information, the application of ground relays would 
decrease the protective device failure rate from 32% to 22%.  Setting 
the ground relays at half the phase relay settings results in a balance 
between coordination and sensitivity demands.  It would be some positive 
action at low cost that could be installed in the near future. 
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Grounding 
System grounding should be increased on a timely basis to comply 
with the revised National Electrical Safety Code (1977).  The new 
requirements call for the use of larger ground rods and their 
installation at all primary lightning arrester locations.  There- 
fore, all single phase transformer installations will now be 
grounded in addition to previous grounding practices. 
Reviewing the statistical data reveals the great success the 
Susquehanna Division of the study utility has been achieving in 
interrupting fallen conductor faults.  Dismissing geographical factors 
the only difference between Susquehanna and the other divisions was 
in grounding practices.  To help meet existing grounding requirements 
the Susquehanna Division has required that all single phase trans- 
former installations be grounded.  In most cases, this supplies more 
grounds than required per mile.  The failure rate for the Susquehanna 
Division is 13% versus the system average of 32%.  Circuit breakers 
functioned particularly well in detecting fallen conductor faults 
with an 18% failure rate versus the system average of 56%. Additional 
testing and observation will determine if additional grounding is a 
reasonable solution. 
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Fallen Conductor Prevention 
Preventing fallen conductors Beans eliminating as many hazards 
to the distribution circuit as possible.  The statistical study has 
identified trees as the main cause of fallen bare conductors and 
lightning as the main cause of fallen cross-linked polyethylene (XLP) 
covered conductors.  The study utility has acknowledged these causes 
and has emphasized preventive action.  Adequate tree clearance to 
distribution circuits will be strictly enforced in initial acquisition 
and subsequent maintenance.  The use of XLP covered conductors has 
been eliminated as much as possible.  The study utility should also 
review its existing XLP line locations.  If these lines are subject 
to frequent lightning damage, perhaps the addition of an overhead 
shield wire or the replacing of XLP covered conductors with bare 
conductors should be considered. 
Further Research 
From the tests already conducted, it appears that the use of 
residual current as an initiating characteristic for protective 
device operation shows the most promise.  Used in conjunction with 
a time-delay feature, it would supplement conventional protective 
schemes with the specific purpose of detecting high impedance fallen 
conductor faults.  Limited to use on three phase circuits, it would 
be attacking the area where the most problems in detecting fallen 
conductor faults have occurred. 
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The change in residual current sensing device can be incorporated 
into circuit breakers and three phase oil circuit reclosers.  The 
sensitivity of the device will have to be adjusted to ignore 
residual currents from daily load fluctuations, wye-delta trans- 
former banks, and a minimum number of downstream (towards line 
end) oil current recloser and tap fuse operations.  Utility operating 
personnel will have to conduct periodic load checks to insure 
optimum balancing and sensing device settings. 
The change in residual current sensing devices included in 
three phase oil circuit reclosers will respond to stimuli from 
both downstream and back towards the source substation (upstream). 
The test results showed that the residual current was higher as the 
site of the fault was approached.  This fact may provide a rudimentary 
form of coordination through the use of the inverse-time characteristic 
in the sensing device tripping circuit.  With the occurrence of a fallen 
conductor, significant residual current flow will initiate tripping 
of the nearest protective device.  If the fault is downstream, the 
opening of the protective device will isolate the fault and enable 
the rest of the line to remain in service.  If the fault is upstream, 
the opening will not reduce the residual current and an upstream 
device should trip next.  If the sensitivity of the upstream device 
does not permit tripping, field personnel are at least aware of a 
problem and line patrolling will soon find it.  Tests will have to 
be conducted to determine the effective range of these changes in 
residual current sensing devices. 
Ill 
On many long lines, the protective devices aay be spaced too 
far apart to provide adequate coverage by the sensing devices.  In 
this instance, the change in residual current sensing devices aay 
be installed between the protective devices.  A coamunications link 
with the upstream protective device will have to be provided to 
initiate tripping, perhaps by microwave, radio or carrier signal. 
The use of a change in residual current sensing device is not 
the final answer.  It can not be used to detect fallen conductor 
faults on single phase lines.  It may become prohibitively expen- 
sive depending on its effective range and the need for communication 
systems. Also, sufficient sensitivity may not be possible on some 
lines due to existing downstream sectionalizing or unbalanced loads. 
However, it shows potential and can be applied in stages to provide 
partial protection.  Further study to determine its effectiveness 
and cost is definitely warranted. 
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B) Future 
A relay scheme capable of recognizing high iapedance faults 
that cause only 10 to 20 priaary aaperes to flow in the substation 
circuit breaker protecting the distribution line is needed.  Yet, 
it must be designed so as to ignore load currents of 10 to 20 times 
this magnitude; and it must be capable of being set so as to properly 
coordinate with line fuses and other distribution sectionalizing 
devices.  It must also be able to distinguish between unbalanced load 
current appearing in the current transformer residual circuit and 
ground fault current. 
Several different electric utility companies are searching for 
the solution to the high impedance fallen conductor fault problem. 
Each company has a responsibility for contributing to the search 
within its capabilities.  However, these efforts are no more than stop- 
gap.  Because the problem is industry-wide, industry-wide investi- 
gation and research is required.  A centrally directed research and 
development effort would take advantage of the resources available 
through the economics of scale.  An organization capable of supplying 
these resources is the Electric Power Research Institute (EPRI). 
There are four major research divisions within the institute; 
one of them being Transmission and Distribution. The Distribution 
subdivision is allocated certain sums of money.  The impetus for using 
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this allocation aust coae froa the utility industry, thus assuring 
that the EPRI's efforts are well directed. The problem has been 
presented with supporting data to EPRI and fallen conductor research 
has been included in their prograa. 
Preliminary Conclusions substantiate that no scheae or equipaent 
is now available to positively interrupt fallen conductor faults on 
multigrounded distribution circuits.  It was concluded that soae 
"exotic" method must be developed to detect and interrupt these 
faults. 
The IEEE "Working Group on the Effectiveness of Distribution 
Protection" has formed the new "Working Group on the Paraaeters of 
Distribution Ground Fault Protection" to define the paraaeters and 
determine reasons for the limitations to sensitivity levels in regard 
to faults on multi-grounded wye distribution systems. 
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